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■ INTRODUCTION
Since the introduction of cisplatin (CDDP) into the clinic about 40 years ago, Pt-based drugs CDDP, carboplatin, and oxaliplatin (OXA) have become the most widely used anticancer agents (about 50% of therapeutic regimes). However only recently has understanding of their mechanism of action begun to emerge. 1−4 The problems of platinum resistance and undesirable side-effects are stimulating the search for alternative transition metal anticancer drugs, and two Ru III complexes are now in clinical trials. 5 Ruthenium(III) complexes are likely to be activated by reduction to Ru II in the body and a range of highly active organometallic Ru II anticancer complexes have been reported. 6−8 However future success in optimizing the design of metal-based therapeutic compounds depends greatly on understanding their cellular metabolism 9, 10 and mechanisms of action.
Small changes in the structure of metal complexes can have a major effect on biological activity. It was found in the early days after the discovery of the anticancer activity of CDDP that replacement of the chlorido ligands to give the diodido complex cis-[PtI 2 (NH 3 ) 2 ] completely abolished the activity. 11 Since that report, there have been few studies of the effects of Cl−I substitutions on the activity of transition metal complexes, although active trans Pt II diamine diiodido complexes have been recently reported. 12 Here we show that the cellular metabolic pathways for organometallic Ru II and Os II arene anticancer complexes are dramatically altered by the replacement of coordinated chloride by iodide in both iminopyridine and azopyridine complexes, with surprising advantages for complexes containing an iodido ligand. This has been demonstrated by investigating the antiproliferative activity, metal accumulation and distribution in cancer cells, cell cycle analysis, p53-dependence, apoptosis, caspase 3 activation, and redox modulation, of [M(p-cymene)(azo/imino-pyridine)X] + complexes where M = Ru II or Os II , and X  Cl or I.
■ RESULTS AND DISCUSSION
We have investigated the antiproliferative activity and cellular mechanism of action of six closely related "half-sandwich", "piano-stool", pseudo-octahedral organometallic complexes with the same π-bound arene (p-cymene) but differing only in their chelated ligand (azopyridine or isoelectronic iminopyridine) or in the monodentate ligand (chloride or iodide). These subtle variations in the structures of the complexes have dramatic effects on their cellular properties. The structural features of organometallic Ru II "piano-stool" complexes allow fine-tuning of their physical and chemical properties and optimization of their biological activity. 5,13−15 These complexes contain three basic building blocks as shown in Figure 1 : an arene ligand (the "seat" of the "stool"), used to control hydrophobicity and to stabilize the oxidation state of the metal center, a monodentate ligand, X, initially included as an activation site, and a bidentate ligand which provides additional stability. 16, 17 Such complexes can often undergo activation by aquation, the loss/replacement of the monodentate ligand 16 and subsequent binding to DNA nucleobases such as guanine and adenine 18 or even conjugation to glutathione followed by oxidation to the sulfenate and then DNA binding. 19, 20 Complexes 22 [Os(η 6 -p-cym)(p-Impy−NMe 2 )I]-PF 6 (6) 22 were obtained as previously reported. These complexes contain either iminopyridine (1, 2, 5, 6) or isoelectronic azopyridine (3, 4) as the N,N-chelator, and chloride (1, 3, 5) ) show that 2 mM solutions of complexes 1 and 2 in water aquate (replacement of halide by water) to a similar extent over 24 h, 66% and 63%, respectively. Complex 3 aquates to an extent of 55% in the same time, while the iodido complex 4 is inert and does not form an aqua complex under these conditions. 21 Aquation of the osmium analogues was also studied; chlorido complex 5 aquates 50% after 24 h, and complex 6 is fully converted to the aqua species in the same time 22 (Supporting Information Table S1 ). However, this aquation reaction was totally inhibited by the presence of chloride ions. Also, 1 H NMR experiments showed that complexes 1 and 2 do not aquate after 24 h at 298 K when dissolved in RPMI-1640 medium (Supporting Information). This cell culture medium contains NaCl at a concentration of 108 mM, close to blood plasma chloride concentration (ca. 104 mM), 23 suggesting that these complexes do not aquate before they enter cells. The 1 H NMR data suggest that complex 2 is stable after 48 h in the cell culture medium.
It was also important for this work to establish that the iodido complexes are not readily converted into the chlorido analogues in the cell culture medium by ligand exchange. Because of the high chloride levels, the possibility that the iodido ligand in complexes 2, 4, and 6 could be substituted by chloride was investigated. HPLC studies (Supporting Information) showed that after incubation of complex 2 with 150 mM NaCl at 310 K for 24 h, there was <5% substitution of the iodide ligand by chloride. Electronic Structures of Iodido and Chlorido Complexes. Geometries and electronic structures of complexes 1− 6 were calculated using the DFT method at the PBE0/ Lanl2DZ/6-311G** level. 24−26 With the exception of the metal−halogen bonds, only very minor differences are observed in the bond distances for complexes 1−6. Notably, electrostatic potential surfaces (EPSs) clearly show a difference in charge distribution between chlorido and iodido complexes regardless of the metal center or chelating ligand (Figure 1 ). The rather flat color distribution in the EPSs of 1−6 indicates that the metal complexes are relatively nonpolar. However, all chlorido complexes display a more polarized metal−halogen bond, with the chlorido ligand being less positively charged than the iodido ligand (Supporting Information Tables S2, S3) .
Antiproliferative Activity. The IC 50 values for complexes 1−6 in A2780 ovarian, A549 lung, HCT116 colon, and MCF7 breast carcinoma cells were determined ( Table 1 ). All complexes are highly active in all parental cell lines (IC 50 values <17 μM), especially azopyridine iodido ruthenium complex 4, which exhibits submicromolar activity in A2780 and MCF7 cell lines and is, in all cases, more potent than CDDP. Iodido complexes 4 and 6 are more potent than their chlorido analogues 3 and 5 in all cell lines. Complex 4 is between 12× and 19× more potent than 3, while the difference between 6 and 5 ranges between 2× and 7×.
Changes in the monodentate ligand can modify the cellular uptake and accumulation pathways involved in the first stages of drug action. This leads to variations in cellular distribution of the drug and, in turn, to different apoptotic pathways being triggered as a consequence of cellular compartmentalization, 27 hence determining differences in IC 50 values. Substitution of the metal is likely to be the cause of the increase in potency of the osmium p-Impy−NMe 2 complexes compared to their ruthenium analogues (with the exception of chlorido complex 5 in A549 cells). This substitution changes the redox potential of the complex, which in turn can be related to the generation of ROS and modifications of mitochondrial activity. 28, 29 Generated secondary species generally exhibit reduction potentials amenable to electron transfer in vivo, thus giving rise to ROS. 30 Electrochemical reduction at −0.40 V has previously been found 21 for ruthenium complex 4, a value within the biologically relevant range (+0.40 to −0.50 V), 30 making possible its involvement in mitochondrial activity.
To investigate whether free iodido ions, if released from complexes 2, 4, or 6, might also play a role in activity, we determined the IC 50 value of chlorido complex 1 for A2780 cells in the presence of an equimolar amount of KI. The antiproliferative activity of this mixture (IC 50 = 16.6 ± 0.4 μM) was the same as in the absence of added iodide (IC 50 = 16.2 ± 0.9 μM for complex 1 only). These data are consistent with the conclusion that the difference in biological activity of the iodido complexes arises from the different targeting properties of the complexes with Ru−I compared to Ru−Cl bonds and also consistent with the experimental observation that intact iodido complex 2 enters cells.
Iodido Complexes Are Not Cross-Resistant with CDDP or OXA. The activity of complexes 1−6 toward CDDPresistant A2780 ovarian (A2780 Cis) and OXA-resistant HCT116 colon (HCT116Ox) cancer cells was investigated. Chlorido complexes 1, 3, and 5 share partial cross-resistance with CDDP, although the resistance factor, RF, drops from 9.5 for CDDP to between 2 and 5 for the chlorido complexes (Figure 2a and Supporting Information Table S4 ). In dramatic contrast, the iodido complexes 2, 4, and 6 retain their potency in CDDP-resistant A2780 Cis cells (RF ≅ 1). Remarkably, all cross-resistance factors are lower than for CDDP, which could give rise to a clinical advantage for the arene half-sandwich complexes.
One common clinical strategy to treat cancers that have acquired resistance to CDDP is the use of OXA, even though the mechanism of action of this platinum-based metallo-drug shares some features with that of CDDP. This clinical approach is especially important in the treatment of colorectal cancer, with the common consequence of acquired resistance to both platinum drugs. Iodido complexes 2, 4, and 6 also retain their full potency toward OXA-resistant colon cancer cells HCT116Ox, which show an RF of 8.0 for OXA itself ( Figure  2b ). Once again this suggests differences in the mechanism of action of these arene complexes compared to that of OXA. In contrast, chlorido complex 1 is highly cross-resistant (RF = 22.8), whereas, curiously, 3 is much more potent (RF = 0.07), while 5 retains activity (RF = 1.1). It is notable that CDDP (RF = 4.6) and OXA show cross-resistance in this cell line. CDDP and OXA react with GC-rich sites in DNA and are believed to form mainly intrastrand cross-links. 31 However it has been reported that OXA requires lower intracellular concentrations and fewer DNA-Pt adducts to cause the same extent of cell death than CDDP. 31 Both produce early SSB (single-strand breaks), but it has been suggested that although more early lesions are caused by CDDP, it is OXA which generates lesions that are more difficult to repair, as they are not recognized by MMR (mismatch repair) proteins. 32 Iodido Complexes Are More Cell-Selective than CDDP. Differential selectivity of an anticancer drug toward cancer cells versus normal cells increases the likelihood of tumor-specific cytotoxicity, so reducing side-effects in patients. We chose MRC5 fibroblasts as normal cells because they are often used to evaluate the tissue selectivity of chemotherapeutic drugs, especially of natural origin, 33 and also photodynamic therapy agents. 34 The cell selectivity factors (SF = ratio of IC 50 for MRC5 human lung fibroblasts/IC 50 for A2780 cells) for the chlorido complexes 1 (SF = 11.8), 3 (SF = 8.5), and 5 (SF = 17.9) are comparable or higher than that of CDDP (SF = 9.5). Importantly the iodido complexes 2, 4, and 6 are significantly more selective, with SF values >26 (Figure 2c and Supporting Information Table S4 ).
High Cell Accumulation of Potent Iodido Complexes. The extent of ruthenium or osmium accumulation in A2780 cells was determined for complexes 1−6 (Table 1) to investigate a possible correlation with antiproliferative activity. In general, higher metal accumulation is associated with higher potency (Supporting Information Figure S1 ). The most potent complexes, 4 (Ru) and 6 (Os), both iodido, are associated with >2× the cell accumulation of metal compared to the least active complex 1. The Ru iodido complex 2 has notably higher activity than would be expected from its extent of accumulation and, in contrast, the Ru chlorido complex 3 has a lower activity than might be expected on the basis of metal accumulation alone. Differences in cellular accumulation cannot be explained by differences in the extent of aquation/halide exchange for the complexes. Table S5 ); Complexes 1−6 all accumulate to a high extent in the membrane fraction which contains membrane proteins, cellular organelles, and organelle membranes. The percentage of metal from the iodido complexes 2, 4, and 6 in the membrane fraction is slightly higher (ca. 88− 91%) than for their chlorido analogues 1, 3, and 5 (ca. 73− 84%). It is also notable that there is little accumulation of the metal from the iodido complexes in the cytosolic fraction (<2%) which includes the total soluble proteins from the cytoplasm. The differences in cellular metal distribution can be attributed to differences in the cellular pathways involved in the uptake and efflux of these complexes. 35 Moreover, this difference in distribution may determine the apoptotic pathways which they activate. This is consistent with recent studies that have linked endocytosis pathways to cellular signal transduction, suggesting bidirectional interplay between the two processes, 27 moreover, cellular compartmentalization can induce selective transmission of signals that can lead either to apoptosis or survival of the cell. 36, 37 Cell Cycle Arrest in G1 in Contrast to CDDP. In comparison to the control population, the cell cycle data ( Figure 4 and Supporting Information Table S6 ) clearly show that CDDP causes arrest in the S phase. The population in this phase increases after 24 h of exposure to the Pt drug, together with a significant reduction in the population in G1 phase, in agreement with previous reports. 38 In contrast, complexes 1−6 cause arrest in G1 phase (ca. 69−80%) regardless of the nature of their metal center (Ru/Os) or the monodentate ligand (Cl/ I). Interestingly, Impy−NMe 2 complexes 1 and 2, in contrast to Azpy−NMe 2 complexes 3 and 4, caused the S phase population to be twice as large as the G2/M population.
Hence complexes 1−6 do not allow A2780 cells to progress into the division phase of the cell cycle. G1 arrest has previously been reported for some other ruthenium(II) complexes. 39 Interestingly, Ru−Impy complexes 1 and 2 may interfere with DNA and/or chromosome replication, as cells are partially retained in the second checkpoint which checks for DNA damage. CDDP attacks DNA which triggers cell cycle arrest and does not allow progression into cell division. Some cancer treatments currently in clinical use are known to exploit G1 arrest. For example, Clotrimazole induces a late G1 cell cycle arrest and sensitizes glioblastoma cells to radiation in vitro. 40 Also Paclitaxel causes G1 arrest in A549 lung cancer cells at low concentrations (3−6 nM); it inhibits cell proliferation by activation of p53 and p21 without arresting cells at mitosis. 41 For CDDP, S phase arrest is concentration-dependent (Supporting Information Table S7 ). At higher concentrations of the Pt drug, the number of DNA-Pt lesions increases, making the repair process slower and inefficient. This holds a greater population of cells in S phase. In contrast, cell cycle arrest by Ru complex 2 is concentration-independent (Supporting Information Table S8 ); the population arrested in G1 phase does not increase significantly with the concentration of the complex. This may provide an advantage for an anticancer drug, as the cytostatic activity will occur even at low drug concentrations.
Iodido Complexes Retain Potency in p53 Mutant Cells. Disruption of the p53 pathway has been strongly correlated with tumorigenesis, as it is considered to maintain genomic stability. Inactivation of p53 is the most common event in human cancers, occurring in at least 50% of all cases. 42, 43 The antiproliferative activity of complexes 1−6 toward HCT116 colon cancer cells was determined and compared to that in the derived cell line HCT116p53−/− which has knocked out tumor suppressor p53 (Supporting Information Table S4 ). It is remarkable that the differences in the IC 50 values in HCT116p53−/− for complexes 1−6 seem to be associated with the halide present as the monodentate ligand and not with the metal center, nor the N,N-chelating ligand. Figure 3d shows the dependence of antiproliferative activity on the presence of p53, expressed as DF, the ratio of the IC 50 in the parental cell line to IC 50 in the cell line with p53 knocked out. The DF values for complexes 2, 3, 4, and 6 are close to 1, which indicates that the activity of these complexes is independent of the p53 status. The cytotoxicity of ruthenium p-Impy−NMe 2 complex 1, for which the IC 50 value increases ca. 17× (from 3.4 ± 0.4 to 69.9 ± 0.9 μM) and complex 5 with potency loss from 3.26 ± 0.05 to 21.5 ± 0.8 μM, evidently both depend on activation of p53. Activation of p53, by DNA damage, cytotoxic drugs, hypoxia, or oncogenic signaling among others, is known to cause cell cycle arrest in G1 phase as well as being involved in the intrinsic apoptotic pathway. 44 G1 arrest observed for complexes 1 and 5 may be related to their p53 dependence. It is possible that the chlorido complexes 1 and 5 activate p53, which in turns arrests the cell cycle, so when p53 is knocked out in HCT116 cells, the arrest does not occur and cell proliferation increases, which is manifested as an increase in the IC 50 value.
Iodido complexes 2, 4, and 6 are as potent in the p53-null cell line as in the parental line (Figure 3d ). This suggests that their mechanism of action does not involve the intrinsic apoptotic pathway. Drugs with a mechanism of action independent of p53 status might be advantageous for clinical use, especially because the treatment of choice for colon cancer is OXA, which shows an IC 50 above 100 μM and a dramatic potency loss in the HCT116p53−/− cell line (DF >25, Figure  3d ). Similar results are obtained for CDDP, which is 5× less potent in the HCT166p53−/− cell line (IC 50 36.7 ± 0.3 versus 5.1 ± 0.3 μM). Other ruthenium complexes have been previously studied in relation to their p53-dependence, 45 particularly, chlorido complex [Ru(η 6 -biphenyl)-(ethylenediamine)Cl] + (RM175), which activates p53-dependent pathways. 46 The Cytostatic Switch: Apoptosis for Iodido Complexes Is Late Stage. Morphological changes in early apoptotic cells usually involve the loss of phospholipid asymmetry followed by the translocation of phosphatidylserine to the outer membrane. The phospholipid component is normally found on the internal/cytosolic side of the membrane in healthy cells. This protein translocation is key for the detection of apoptosis by annexin V. 47 In late stages of apoptosis, the membrane is totally compromised as the cell breaks apart into several vesicles or apoptotic bodies. In the process, membrane blebbing allows formerly impermeant agents, like propidium iodide (PI), to access inner cell compartments.
The extent of apoptosis for A2780 cells caused by complexes 1−6 was investigated by flow cytometry ( Figure 5 ). These arene half-sandwich complexes cause apoptosis but differ in the time frame of the process (Figure 4 and Supporting Table S8 ). The iodido complexes 2, 4, and 6 exhibit a high incidence of late apoptotic cells (ca. 7−12%) after 24 h of exposure compared to the chlorido complexes (ca. 3.5−4%). Notably the population of nonviable cells caused by the iodido complexes is very low (ca. 0.10−0.95%). In contrast, the chlorido complexes 1, 3, and 5 give rise to early stage apoptosis after the same time of exposure to drug and also produce a higher population of nonviable cells (ca. 2−8%). These differences might indicate that although all complexes activate apoptotic cascades, the processes involving iodido complexes are different from those involving chlorido analogues generating variations in the time each pathway takes to cause cell death.
Enhanced Activation of Caspase 3 by Chlorido
Complexes. Caspases, in general, are a family of cysteine proteases that play essential roles in apoptosis, necrosis, and inflammation. 48 Caspase 3, in particular, also known as CPP32, is encoded by the CASP3 gene in humans and recognizes the peptide sequence DEVDG (Asp-Glu-Val-Asp-Gly), with cleavage occurring on the carboxyl side of the second aspartic acid residue. Colorimetric methods can be used to measure its activation when the DEVD sequence is labeled with p-NA. 49 The effect of complexes 1−6 on the activation of caspase 3 in A2780 cells was monitored spectrophotometrically using the substrate DEVD-pNA. All these arene complexes activate caspase 3. Remarkably, the level of activation of caspase 3 by the chlorido complexes 1, 3, and 5 is 2-fold higher than by the iodido complexes 2, 4, and 6 (Supporting Information Table S9 and Figure S3 ).
Polypyridyl ruthenium complexes have also been reported to induce apoptosis with activation of caspase 3 via the intrinsic pathway. 50 Interestingly, anticancer agents that interact with DNA, specifically with mitochondrial DNA (mDNA), selectively enhance the generation of ROS in mitochondria and the release of cytochrome c, inducing apoptosis after activating caspases 9 and 3. 51 Cell compartmentalization studies showed that complexes 1−6 accumulate highly in the membrane fraction that includes the mitochondria, and they also activate caspase 3.
Redox Modulators Increase Potency. Complexes 1−6 were coadministered with L-buthionine sulfoximine (L-BSO) to investigate the role of GSH in the cellular detoxification of these organometallic complexes. L-BSO is a specific inhibitor of γ-glutamylcysteine synthetase which is involved in the ratelimiting step in the synthesis of GSH. Thus treatment with L-BSO can significantly decrease intracellular GSH levels. When used as a single agent in high concentrations, L-BSO is capable of increasing ROS levels, causing apoptosis. 52 However, it has also been used at low doses to increase the sensitivity to certain anticancer drugs that depend on GSH-mediated detoxification. 53 L-BSO has been included in phase I clinical trials and appears to be safe to the point of reducing GSH levels by 40%. 54 The potency of all the complexes increased when coincubated with 5 μM L-BSO (Supporting Information  Table S10 and Figure S2 ), especially complexes 1, 3, and 6, for which the IC 50 values decreased by factors of 16, 8, and 15, respectively, while for complexes 2, 4, and 5, the increase in potency ranged from 2.8× to 7.1×. Inhibition of detoxification mechanisms by administration of L-BSO has been used previously as a strategy to increase the activity of a range of metal-based drugs. 55, 56 For example, L-BSO partially restores sensitivity to CDDP in several resistant cancer cell lines and improves the activity of ruthenium(III) complexes such as KP1019. 28 An increase in intracellular GSH levels provides one mechanism for CDDP resistance, and platinum binds strongly and irreversibly to the thiolate sulfur of GSH, so inhibiting binding to DNA. 1 
■ CONCLUSIONS
Our results show that switching the halido ligand in ruthenium and osmium arene azo-and imino-pyridine complexes can tune their antiproliferative activity with strong repercussions at the molecular level. There may be clear advantages in using iodido complexes for future clinical applications as they do not share mechanisms of resistance with CDDP nor OXA and their activity does not depend on the status of p53 tumor suppressor.
Halide switch from chloride to iodide increases the polarization of positive charge on the chelated face of these pseudo-octahedral complexes. This results in iodido complexes which are more potent and more selective toward cancer cell lines, are not cross-resistant with platinum drugs used in the clinic, show a high selectivity for membrane binding, are not dependent on p53 for activity, induce a high incidence of latestage apoptosis, and possess potency which is greatly increased by a low dose of the redox modulator L-BSO. Our findings illustrate the exciting potential which metal complexes offer for the design of novel anticancer agents.
■ EXPERIMENTAL SECTION
RuCl 3 ·3H 2 O was purchased from Precious Metals Online (PMO pty Ltd.). All solvents (acetone, methanol, and ether) were obtained from commercial sources such as Fisher Scientific and Sigma-Aldrich and were used without further purification; ethanol was obtained from the same suppliers but dried over Mg/I 2 before use. α-Phellandrene was also purchased from Sigma Aldrich. Deuterated solvents were purchased from Cambridge Isotopes Limited. ICP-MS standards (Ru, Os) were obtained from Inorganic Ventures. For the biological experiments, RPMI-1640, DMEM, McCoy 5A media, as well as fetal bovine serum, L-glutamine, penicillin/streptomycin mixture, trypsin, trypsin/EDTA, and phosphate buffered saline (PBS) were purchased from PAA Laboratories GmbH. CDDP (≥99.9%), OXA (≥98.9%), trichloroacetic acid (≥99%), sulforhodamine B (75%), sodium phosphate monobasic monohydrate (≥99%), sodium phosphate dibasic heptahydrate (≥99%), acetic acid (≥99%), L-BSO (≥97%), staurosporine, PI (≥94%), and RNase A were obtained from Sigma Aldrich together with the Annexin V-FITC Apoptosis Detection Kit for flow cytometry. Caspase activity was determined using the Caspase-3 Colorimetric Assay Kit from Cambridge Biosciences. Cell fractionation was carried out using FractionPREP Kit from BioVision.
NMR data ( 1 H, 13 C and 2D experiments) were acquired using 5 mm NMR tubes in the NMR Spectroscopy Facility of Warwick University on either a 500 MHz spectrometer Bruker DRX-500 or a 600 MHz Bruker AVA spectrometer; experiments were carried out at 298 K unless otherwise stated.
1 H NMR chemical shifts were internally referenced to DMSO-d 6 (2.50 ppm) or 1,4-dioxane (3.71 ppm, for samples in D 2 O). Typically, the spectral width was 20 ppm for 1 H NMR and 200 ppm for 13 C NMR experiments. Spectra were processed using Bruker Topspin 2.1. Elemental analysis (percentages of C, H and N) was carried out on a CE-440 Exeter elemental analyzer by the Warwick Analytical Service. Mass spectrometry data were obtained on methanolic solutions (50% MeOH, 50% H 2 O) on a Bruker Esquire 2000 instrument with electrospray as the ionization method. Usually experiments were based on scanning a range of up to 1000 m/z for positive ions; the cone voltage and source temperature were varied depending on the sample.
Synthesis of Complex 1. Ruthenium p-cymene dimer [(η 6 -pcymene)RuCl 2 ] 2 (100 mg, 0.16 mmol) was dissolved in methanol (5 mL). Two mol equiv of p-Impy−NMe 2 were added (74 mg, 0.33 mmol). The reaction mixture was left at ambient temperature with constant stirring for 5 h. After this time, 5 mol equiv of NH 4 PF 6 were added to the mixture, followed by stirring for a further hour. The solid precipitate was filtered off under vacuum and recrystallized. (84%). Os, and readings were made in duplicate (He gas and no-gas mode).
Cell Culture. A2780 human ovarian carcinoma, A549 human Caucasian lung carcinoma, HCT116 human colon carcinoma, MCF7 human Caucasian breast carcinoma, and MRC5 human fetal lung fibroblasts were obtained from the European Collection of Cell Cultures (ECACC) and used between passages 5 and 18. Modified cell lines HCT116Ox and HCT116p53−/−, which have the tumor suppressor p53 knocked out, were kindly provided by R. Sharma from Oxford University and J. Cherry from Johns Hopkins International Medical Center, respectively. A2780 ovarian and MRC5 cells were grown in Roswell Park Memorial Institute medium (RPMI-1640), A549 and MCF7 cells in Dulbecco's Modified Eagle Medium (DMEM), and HCT116 cells and its derived cell lines in McCoy′s Modified 5A Medium. All media were supplemented with 10% of fetal calf serum, 1% of 2 mM glutamine, and 1% penicillin/streptomycin. All cells were grown as adherent monolayers at 310 K in a 5% CO 2 humidified atmosphere.
In Vitro Growth Inhibition Assay. Briefly, 5000 cells were seeded per well in 96-well plates. The cells were preincubated in drug-free media at 310 K for 48 h before adding different concentrations of the compounds to be tested. The drug exposure period was 24 h. After this, supernatants were removed by suction and each well was washed with PBS. A further 72 h was allowed for the cells to recover in drugfree medium at 310 K. The SRB assay 57 was used to determine cell viability. Absorbance measurements of the solubilized dye (on a BioRad iMark microplate reader using a 470 nm filter) allowed the determination of viable treated cells compared to untreated controls. IC 50 values (concentrations which caused 50% of cell death) were determined as duplicates of triplicates in two independent sets of experiments, and their standard deviations were calculated.
Metal Accumulation in Cancer Cells. Cell accumulation studies for complexes 1−6 were conducted on A2780 ovarian cells. Briefly, 4 × 10 6 cells were seeded on a Petri dish. After 24 h of preincubation time in drug-free medium at 310 K, the complexes were added to give final concentrations equal to IC 50 /3 and a further 24 h of drug exposure was allowed. After this time, cells were treated with trypsin, counted, and cell pellets were collected. Each pellet was digested overnight in concentrated nitric acid (73%) at 353 K; the resulting solutions were diluted with double-distilled water to a final concentration of 5% HNO 3 , and the amount of Ru/Os taken up by the cells was determined by ICP-MS. These experiments did not include any cell recovery time in drug-free media; they were carried out in triplicate, and the standard deviations were calculated.
Metal Distribution in Cancer Cells. Cell pellets were obtained as described above and were fractionated using the FractionPREP kit from BioVision according to the supplier's instructions. Each sample was digested overnight in concentrated nitric acid (73%), and the amount of Ru/Os taken up by the cells was determined by ICP-MS.
These experiments were all carried out in triplicate, and the standard deviations were calculated.
Cell Cycle Analysis. A2780 cells, 1.5 × 10 6 per well, were seeded in a 6-well plate. Cells were preincubated in drug-free media at 310 K for 24 h, after which drugs were added at equipotent concentrations of IC 50 /3. After 24 h of drug exposure, supernatants were removed by suction and cells were washed with PBS. Finally, cells were harvested using trypsin. DNA staining was achieved by resuspending the cell pellets in PBS containing propidium iodide (PI) and RNase A. Cell pellets were resuspended in PBS before being analyzed in a Becton Dickinson FACScan flow cytometer using excitation of DNA-bound PI at 536 nm, with emission at 617 nm. Data were processed using Flowjo software.
Role of p53-Activated Apoptotic Pathway. IC 50 values for complexes 1−6 were determined as described above in the HCT116p53−/− cell line, which has the tumor suppressor p53 knocked out.
Induction of Apoptosis. Flow cytometry analysis of apoptotic populations of A2780 cells caused by exposure to complexes 1−6 was carried out using the Annexin V-FITC Apoptosis Detection Kit (Sigma Aldrich) according to the supplier's instructions. For positiveapoptosis controls, A2780 cells were exposed to staurosporine (1 μg/mL) for 2 h. Cells for apoptosis studies were used with no previous fixing procedure as to avoid nonspecific binding of the annexin V-FITC conjugate.
Activation of Caspase 3. Colorimetric analysis of caspase 3 activation in A2780 ovarian cells exposed to complexes 1−6 was carried out using the Caspase-3/CPP32 Colorimetric assay Kit (Cambridge Biosciences) according to the supplier's instructions. The resulting solutions were read in an absorbance plate reader at 410 nm (free p-NA). Samples were analyzed in triplicate, and standard deviations were calculated. For positive activation of caspase 3, A2780 cells were exposed to staurosporine (1 μg/mL) for 2 h. 
